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Abstract 
Chimney swifts, ​Chaetura pelagica​, are small (0.3 m wingspan) insectivorous birds 
which roost overnight in chimneys during their fall migration. Hundreds to thousands of swifts 
flock and roost together, necessitating the formation of enormous, cylindrical holding patterns as 
the flock slowly enters its chimney each evening. Despite the large size of the flock, previous 
studies identified no internal organization and found that swifts typically maintain five or more 
wingspans distance from their neighbors. However, recent analysis of shorebird flocks revealed 
organized subgroups within larger less organized flocks, raising the possibility that such 
subgroups could also exist within the chimney swift roosting flock. I hypothesized that subgroup 
structure might be present between reciprocal nearest neighbors (RNNs), or two birds who were 
closest to one another and that RNNs would be more aligned with one another than non-RNNs, 
independent of distance and fly in a consistent formation. To test this hypothesis, I used data on a 
flock of chimney swifts in Raleigh, NC collected using three synchronized video cameras and 
then digitally reconstructed the individual birds’ positions. Measurements of alignment showed 
that RNNs were more closely aligned than non-RNNs. However, RNNs also tended to be closer 
together than non-RNNs. Once this difference in average distance was factored in, RNNs and 
non-RNNs were similarly aligned with similar spatial distributions. Thus, my hypothesis was not 
supported. Ultimately, a deeper understanding of how swifts determine and maintain their 
spacing will still continue to contribute to the development of collective behavior models.  
 
Introduction 
Bird-bird interactions compound as a flock moves through the sky, resulting in emergent 
behaviors of the flock. The flock’s actions are a type of collective behavior, or the large-scale 
results of localized interactions in a variety of organisms (​reviewed by ​Herbert-Read, 2016​ and 
by ​Vicsek and Zafeiris, 2012​). As a result, an understanding of local interactions within a larger 
group can provide insight into how that group may act. For instance, there is an interaction rule 
for shorebird flocks where birds from various species consistently align themselves at a 
one-wingspan lateral distance from their nearest neighbors (Corcoran and Hedrick, 2019), 
producing a local pattern which affects the overall flock shape.  
In other organisms, even those without such documented behavioral rules, patterns of 
observation of and response to neighbors can be found throughout the literature. Pigeon flocks 
often develop hierarchies, where a faster pigeon moves to the front and dominates directional 
choices (Pettit et. al 2013, Pettit et. al, 2015). Even in non-hierarchical organisms, spatial 
awareness appears to be a foundation of collective behavior. In starlings, flock velocity 
fluctuations scaled with size, indicating an increasing incorporation of sensory data from nearby 
birds (Cavagna et. al, 2010). In marching locusts, there is a critical density point where the group 
rapidly aligns itself (Buhl et. al, 2006). Human crowds are no different, with recent research 
indicating that we are constantly realigning ourselves to those around us so that more and more 
neighbors fall into line with the developing group (Warren, 2018). 
Chimney swifts (​Chaetura pelagica​) provide an interesting example for study of group 
interactions because, unlike many flocking birds, chimney swifts only form flocks during their 
annual migration and are not normally found in large groups. Thus, their interaction rules may be 
simpler or more variable than those of other birds. Chimney swifts are small insectivorous birds 
with wingspans of about 0.3 meters. They roost as a group in chimneys during their migration in 
the fall, when hundreds to thousands of these birds roost and flock together, forming enormous, 
cylindrical holding patterns as the flock slowly enters the chimney each evening. This astounding 
sight becomes even more impressive when one realizes that there is no apparent central 
authority. The swifts do not have the help of a flight control tower or any other form of guidance 
that human pilots rely on. They are able to circle and descend within a relatively tight volume 
without collisions, despite having to navigate through a cloud of birds which can number in the 
thousands. 
One theory suggested that chimney swifts’ interactions were best predicted by their 
distances to their nearest neighbors (Evangelista et. al, 2017). Nearest neighbor distance 
appeared to help predict whether swifts were cooperating, with the conclusion being that local 
interactions were positively correlated with the distance between the birds. Similar methods have 
also been used to study caribou, humans, and jackdaws (CJ Tourney et. al, 2018; WH Warren, 
2018; H Ling et. al, 2019), highlighting their efficacy in identifying these foundations of 
collective behavior. Evangelista’s research suggested that swifts tend to maintain a “personal 
space” of at least 1.45 meters from their nearest neighbors, or about five wingspans (Evangelista 
et. al, 2017). The paper also indicated that the neighbor distance decreased in larger groups. 
When more swifts occupied the space, each individual had to allow its neighbors to get a little 
closer. Seeing that thousands of swifts were flocking at times, unrestricted flight in this 
tightening air space seemed hard to achieve. One possible solution is the usage of bird-bird pairs. 
Pairing up is a practice which has proven valuable in other bird species. From an 
energetic standpoint, flying in pairs is potentially more efficient than acting as an individual 
within a flock (Ling et. al, 2019). Mated birds do not have to go through the trouble of finding 
each other at their destination if they stay together while flying (Ling et. al, 2019), which could 
also reduce the stress of having to traverse the flock after each migration. At the same time, 
pairing up reduces group density and overall flock cohesion, presenting a serious cost to the 
aforementioned benefits. Of course, pairs do not have to be equal partnerships. Pigeons enter into 
leader-follower pairwise interactions to promote navigation efficiency (Nagy et. al, 2010). 
Leader-follower interactions have also been identified in swifts. In a study of swift 
cooperation and competition during the instances leading up to chimney entry, swifts flying in 
succession would use similar angles of entry to their “leading” birds, or those flying ahead which 
had already successfully entered the chimney (Parikh et. al, 2019). When the time between 
chimney entries increased, so would the difference between entry angles, indicating the swifts’ 
ability to observe their neighbors and adjust their own movements accordingly, similar to 
shorebirds and pigeons. Given this behavior near the chimney, I decided to investigate whether 
neighbor interactions may be observed throughout the entire swift flock, as a potential method 
for promoting flight efficiency. 
While swifts are not known to be monogamous nor hierarchical, the advantages of paired 
flight are worth considering. Although the neighbor pairs may not be as easily identifiable as in a 
shorebird V-formation or pigeon flock, a “buddy” may prove useful for maintaining space in the 
flock, similar to cars following each other on the highway. I hypothesized that swifts which were 
consistently each other’s nearest neighbors were flying as a pair and had a more coordinated 
relationship with one another than with other swifts in the flock. 
Upon investigation, it appears that swifts do not pair up when they fly. At the same time, 
further support was identified for the swifts’ maintenance of “personal space” and for that 
space’s contribution to flock structure and organization (Evangelista et. al, 2017). 
Methods 
Data Collection 
Researchers from the Hedrick lab at the University of North Carolina at Chapel Hill 
collected continuous video recordings of chimney swifts circling a chimney in Raleigh, NC on 
September 20, 2014 over a 30 minute period at 29.97 video frames per second. They used an 
array of three Canon EOS 6D cameras equipped with 35 mm f/1.2 lenses, each placed about 
80-150 m from the chimney. The cameras were synchronized, calibrated, and used to digitally 
reconstruct individual birds’ three-dimensional positions. These positions were associated 
through time to form the track of an individual bird. Detailed methods for these operations have 
been previously published (Hedrick, 2008; Theriault et. al, 2014; Jackson et. al, 2014). These 
operations resulted in a 17,200 frame (i.e ~10 minute) data set with the positions of up to 1,300 
birds recorded per frame (Figure 1). There were ~1,800 total swifts present, but about 120,000 
separate tracks were recorded, since swifts would move out of view of the cameras while circling 
the chimney and then would be assigned to a new track when they came back into view. From 
the position-time series, velocity and acceleration vectors were computed for each bird at each 




Group behavior analysis 
Definitions 
Key terms used throughout the following sections: 
● Focal bird: any designated individual swift 
● Nearest Neighbor: the closest swift to the focal bird at a single instant in time. 
● Reciprocal Nearest Neighbors (RNNs): a case where the focal and neighbor birds 
are each other’s nearest neighbor (Figure 2). 
● Non-reciprocal nearest neighbors (non-RNNs): a case where the nearest neighbor 
of the focal bird’s nearest neighbor is not the focal bird (Figure 2). 








Identification of RNNs and Non-RNNs 
The data structure created using the methods shown in Figure 1 was an array of indexed 
tracks, with each track made up of the time series of position coordinates recorded for a given 
swift. Once the swift was out of view, the track would read as null for the remainder of data 
collection. As swifts flew out of and back into the camera view, they would initiate a new track 
and be indexed again. This re-indexing meant that the structure containing all of these data points 
had hundreds of thousands of empty cells, since most tracks were null at any given moment 
during collection. As a result, I reorganized the data from this sparse array during the search for 
neighbor pairs within a single video frame. 
Analysis of an individual video frame began by delineation of the neighbor relationships 
of the birds present. A new table was created for each individual frame, with all birds present in 
the frame numbered along both the x and y axes. Each cell showed the distance between the 
positions of its “x swift” and its “y swift”. The minimum value in each column represented the 
distance to that “x swift’s” nearest neighbor, and I could then check to see if the two birds were 
each other’s nearest neighbors. For example, the set of 3 birds in Figure 2 is consistent with the 
hypothetical distance table (Table 1).  
 Bird A Bird B Bird C 
Bird A 0 2.2 4.6 
Bird B  0 2.4 
Bird C   0 
Table 1: example bird-bird distance array for identifying RNNs 
Alignment Calculations: 







the 3D trajectory (i.e. velocity vector) of a nearest neighbor and  is the trajectory of a focala→  
swift. This equation was used to measure the alignment of each focal/nearest neighbor pair in 
each frame. Since a vector projection is the orthogonal line from  directed towards , it can actb
→
a→  
as an indicator of the two vectors’ similarity. Orthogonal vectors, which indicate two birds flying 
in very different directions, have a projection of 0. Projections can be negative, so I used the 
absolute value of the magnitude of the projection during analysis. I subtracted that absolute value 
from 1, so that well-aligned birds would have positive alignment values close to 0. 
All data were processed in MATLAB r2017b (The Mathworks, Natick, MA, USA).  







Frame by Frame Data Collection: 
Once neighbor relationships were established and alignment calculated, each frame’s 
information content was organized into an eight column array to facilitate further analysis. Each 
array followed a consistent layout: 
● Columns 1, 2: index of the focal bird and nearest neighbor 
● Column 3: boolean indicating whether the pair is reciprocal 
● Column 4: distance to the nearest neighbor 
● Column 5: vector projection with the nearest neighbor 
● Columns 6, 7, 8: x-position, y-position, z-position of the focal bird 










Column 6 Column 7 Column 8 
Row 1 1 2 True 1 0 0 0 0 
 
 
Relationship Decay Over Time 
I compared the duration of RNN pairings to other relationship types. The goal was to 
determine whether RNNs were staying together over time, but, because swifts were frequently 
re-indexed, I could not examine these relationships over the entire data set. 
Instead, I would first count up all the RNN and non-RNN pairs in a random frame, while 
treating each present bird as a focal bird. Each focal bird’s original nearest neighbor was also 
recorded. I then examined the proportion of original RNN pairs still present in the data set at 
each given frame, over a period of 200 frames (~7 seconds). Less than 5% of the original focal 
birds typically remained after 200 frames. 
As I cycled through each subsequent frame, I recorded the proportion of original focal 
birds. Additionally, I searched for each original nearest neighbor, so that I could check if both 
birds from the original pair were present, even if they were not still nearest neighbors. Those 
which were paired with their original RNN were recorded, along with those which had new 
RNNs.  
Relative Positioning Calculations: 
To enable comparison of the relative positions of focal birds and neighbors, I first rotated 
the trajectories of the pair to a standard configuration. The MATLAB rotation script first placed 
each focal bird at the origin in the Cartesian plane, so the corresponding nearest neighbor was 
mapped relative to the focal bird. Second, I rotated the bird trajectories about the vertical (+Z) 
axis such that the focal bird’s 2D (horizontal plane) direction was along the +Y axis. After these 
operations I recorded the standardized position of the neighbor bird. The summed rotated data 
were turned into a heat map to depict the frequency of different relative positions by summing 
the number of nearest neighbors found at different 2D positions. Only neighbors at about the 
same elevation as the focal bird (± 1 wingspan) were included in the heat map. 
Finally, the rotated data set was resampled to control for inherent differences in the mean 
distance between the swifts in RNN and non-RNN pairs. Neighbor birds were split into lists of 
RNNs and non-RNNs, and each list was sorted by distance to the focal bird. New lists were then 
created where, for each original RNN, a non-RNN with the most similar distance was sampled 
instead, with replacement. A similar new list was created for non-RNNs using original RNN 
values. Random numbers between -2 and 2 were added to the index of each “most similar” bird 
before selection from the old list to increase variation in sampling. These operations resulted in 
two datasets, one of RNNs and non-RNNs with the same neighbor distance distribution as the 
original RNNs and one with RNNs and non-RNNs that had the same neighbor distance 
distribution as the original non-RNNs. 
Results 
Bird-bird alignment 
I first theorized that RNNs would be more aligned than non-RNNs. Projections between 
neighboring velocity vectors were used to compare flight alignment. As mentioned in the 
Methods, a larger absolute value of the projection indicates more similar velocity vectors, 
suggesting better alignment. Figure 3 plots the median alignment of each 200​th​ frame in the data 
set for both RNN and non-RNN pairs. 
Closer neighbors were expected to be more aligned than less close neighbors, which 
would have made Figure 3 linear. However, when the swifts flew too close to each other, at a 
distance which appeared to be 5 (~1.5 meters) wingspans or less, alignment actually decreased. 
Both RNNs and non-RNNs saw an increase in alignment past ~1.6 meters; a 0.05 increase in 
alignment does not occur over such a short change in distance anywhere else in the plot. This 
resulted in the alignment distribution’s U-shape 
Overall, it appeared that the RNNs were consistently more aligned, as the most aligned 
birds at each distance were RNNs. The lines of best fit further emphasized the small but 
consistent difference, with the RNN line indicating an alignment of about .025 more at all 
distances. The swifts appear to be most aligned when they were about 1.8 to 2.2 meters apart, or 
about 6 to 7 wingspans, and the actual minimums of the lines of best fit occured at 2.2 meters 
apart. 
 
Figure 3: Effects of Physical Distance on Alignment. RNNs are consistently more aligned than non-RNNs 
regardless of neighbor distance. Lines of best fit were drawn using the “Curve Fitting” app in MATLAB, which 
found a parabolic line of best fit for each set. Alignment was plotted as the absolute value of 1 minus the magnitude 
of the projection of the focal bird onto the neighbor. 
 
RNN pair decay 
I predicted that the duration of neighbor pairs could also indicate bird-bird pairing, with 
truly paired birds flying together longer. Under that assumption, RNN pairs would persist longer 
than non-RNN pairs. 
Figure 4 follows the decay of neighbor pairs from video frames 1000 to 1200. This decay 
analysis was conducted on several different frame windows, and they all produced markedly 
similar patterns. Each decay calculation took about 20 minutes to run, so I decided to use a 
single, representative data set, as time constraints would have limited our ability to run through 
the 16800 total possible windows. 
Although there were fewer RNNs than total focal birds, all decay lines were normalized 
to begin at the same point on the y-axis. I chose to graph each set as a proportion of its initial 
total, to better visualize the varying rates of relationship decay. For instance, there were 
originally 456 focal birds in Frame 1000, 272 of which were RNNs. Despite the very different 
starting values, I confirmed that all focal birds disappeared from the recording at about the same 
rate. 
Meanwhile, the “original focal birds are currently RNNs” curve dipped more rapidly, as 
did the “original RNNs are no longer paired”. The main difference between these two lines is the 
latter’s noise. Between the 80 and 120 frame mark, the proportion of paired RNNs increases, due 
to birds losing and then re-acquiring an RNN association with their original RNN at frame 1000. 
In general, though, both lines still decay at about the same rate. Finally, the original RNN 
pairings broke down most quickly. Only 10% of original RNN pairs remained after 60 frames 
(~2 seconds), despite over 20% of birds originally in RNNs still being present in the recording 
and over 40% of all focal birds still present. 
 
Figure 4: Neighbor Bird Relationship Decay. I tracked the existence of focal birds in-frame and the maintenance of 
RNN pairs over time. RNN birds stayed in frame as long as non-RNNs. However, RNN relationships were not 
maintained as well as non-RNN relationships. 
Bird-bird distance 
The heat maps in Figure 5 were created via rotation, as outlined in the Methods. This 
rotation allowed for standardized comparison of neighbors to focal birds, so that their actual 
positions within the flock were effectively irrelevant. Only neighbors within the same horizontal 
slice as their focal bird were used, or about 20% of all data points. Although Figure 5 was 
created to understand the relative positioning of focal birds to their nearest neighbors, it also 
highlighted the different distances between RNN pairs (Figure 5A) and non-RNN pairs (Figure 
5B). 
To further investigate this, I mapped the variation in distances using two histograms 
(Figure 6). There were 49,726 RNNs and 37,406 non-RNNs, so the histograms were 
standardized using percentages. 54.3% of RNNs and 51.7% of all non-RNNs were within 1.8 
meters of each other (Figure 6). These histograms were built using all neighbor pairs, not just 
those within one wingspan slice of each other, in order to maximize sample size. Despite the 
decreased variation, RNNs were still noticeably closer to each other. 
Most non-RNNs were separated by two to twelve lateral wingspans, with a mode of 
about ten wingspans’ separation (Figure 5A). They also trailed their focal bird by up to twelve 
wingspans. Meanwhile, RNNs were consistently closer to each other, with the majority having 
no more than six wingspans’ average lateral distance and trailing distance (Figure 5B). 
The non-RNN distribution was very spread out (Figure 5A), meaning that non-RNNs 
could be found at a variety of positions relative to the focal birds. In contrast, the RNN 
distribution was very concentrated, with the majority of neighbors being within four wingspans 
of their focal birds, in addition to the evident decreased horizontal variance. The discrepancy 
between non-RNN and RNN is best summarized by the most populated hotspots; non-RNN 
hotspots contained up to 100 birds, while RNN hotspots contained up to 500. These data 
demonstrated a clear difference in distancing. 
Figure 5: Here I show a heat map of the frequency of positions of the neighbor relative to the focal bird for RNN and 
non-RNN pairs. The focal bird is always at position (0,0). RNNs (A) were much more localized than non-RNNs (B), 
relative to their focal birds. 
Figure 6: Neighbor Distance Histogram. Of the 90,000 included neighbor pairs, RNNs (A) tended to be closer 
together than non-RNNs (B). 
Relative positioning 
Figures 5A and 5B alone do not clarify whether I had identified a marker of intra-swift 
interactions, or whether the RNN measurement simply necessitated closely positioned neighbors. 
Furthermore, the densely populated formation in 5B clearly fit into the area closest to the origin 
in 5A, which further emphasized the concern that this metric solely reflected patterns based on 
distance. As a result, the RNN and non-RNNs were resampled in an effort to reconcile the 
differing mean distances. Resampling re-created the two sets of birds; a focal bird with an RNN 
would now be matched with anon-RNN pair with the most similar neighbor distance, and vice 
versa.  
If the trend I had identified was based on factors beyond bird-bird distance, the tight 
pattern in Figure 5B would not be as apparent when translated to non-RNNs. The final rotated 
resampled lists are represented as heat maps in Figures 7A and 7B. Figure 7B, or the non-RNNs 
with RNN distributions, proved extremely similar to the distribution of the original RNNs. 
Additionally, the bird-bird distance measurement from the resampled RNNs (Figure 7A) 
followed the distribution of the original non-RNNs. Both Figures 7A and 7B showed slightly 
degraded patterns compared to 5A and 5B, but the shape and bird density at hotspots were 
similar. In other words, 7A and 7B further suggested that RNN and non-RNN were simply labels 
for a “closer” group and a “less close” group. 
Figure 7: Resampled Relative Neighbor Positions. After resampling to account for the difference in mean distances, 
non-RNNs (B) are more locally distributed than RNNs (A). 
Discussion 
Overall, I was not able to support the existence of reciprocal nearest neighbors as a 
conscious method of flock navigation. There is no evidence for a purposeful partnership between 
two RNNs, given the apparent rapid decay (Figure 4). Furthermore, physical distance also 
proved to be impactful on neighbor relationships (Figures 5-7), supporting the findings of 
Evangelista et. al and other prior research. Evangelista’s research presented the weight of metric 
models, which are based on physical distance, over topological models, which would more 
heavily emphasize closer neighbors. Briefly, he demonstrated that swifts aligned themselves 
based on a variety of neighbors, with further neighbors still having some weight in alignment 
decisions. Figure 3 supported this metric model, as it showed how RNN alignments correlated 
with physical distance. Had it supported a topological model, RNNs would have been more and 
more aligned compared to their non-RNN counterparts at increasing distances. 
While Figure 3’s distance-alignment correlation clearly fell in line with the rest of the 
data, its ratio of RNNs to non-RNNs was more difficult to understand. Under the assumption that 
there is no real distinction between RNN and non-RNN behavior, why would the RNNs be more 
aligned at all distances? This clear difference was one of the initial results which motivated the 
continuation of the study, and, although it wasn’t initially apparent, this alignment disparity is 
best explained by an interloper in the non-RNN relationship.  
Non-RNN relationships are not only defined by the two non-RNN birds being analyzed, 
but also by a third nearby bird that converts what might otherwise be an RNN pair into a 
non-RNN one. Consider Figure 2. Birds A and B were RNNs, while birds B and C were 
non-RNNs. Under the metric distance model, birds A and B strongly impact each other’s 
alignments. This is not because they are RNNs, but because they are both very close to each 
other. Meanwhile, for the “non-RNN” pair, bird C also impacts bird B’s flight path, but less 
strongly. In this case, A has become the hidden bird - it has significantly affected the alignment 
of the B-C pair, even though it is not considered as part of that non-RNN pair. Figure 3 is 
showing the result of these triangular relationships, where the non-RNN alignments are 
reflecting the comparison between two birds which are actually not aligning to each other in the 
first place. 
These findings have implications in our understanding of the swift flock. It is impressive 
that such a large global structure is able to maintain its shape for over 20 minutes, without any 
apparent explicit cooperation. Furthermore, while swifts do not “pair up” and form lasting 
relationships as they fly through the flock, the birds proved to be constantly aware of their own 
personal space and of the rest of the flock (Figure 3). The alignment chart’s U-shape indicated a 
conscious effort to fly away from each other once the birds are within about 1.5 meters of each 
other. 
Further research could investigate why the swifts create this 5-6 wingspan boundary, 
which is much larger than the .5 to 1.5 wingspan boundary in shorebird flocks (Corcoran et al, 
2019). One possibility may be that the swifts are like cars on a highway, where drivers make sure 
to leave enough room to be able to safely change lanes or pass a slower car. Maybe these pockets 
of space are necessary to create lanes for birds to be able to smoothly descend towards the 
chimney. What may happen in a condensed space, where swifts are forced to fly closer to one 
another? Are there consistent, shared methods which they use when turning away from each 
other? Ultimately, the mechanisms through which such a large flock is able to efficiently 
function have become a little more clear. While I was not able to support the claim that swifts 
actively choose to fly with their neighbors, I did produce results which were consistent with 
previous findings. A focal swift’s neighbors, and its distances from those neighbors, affect how 
that bird moves through the sky.  
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